Fluorescence is widely used in biological research. Future advances in biology and medicine often depend on the advances in the capabilities of fluorescence measurements. In this overview paper we describe how a combination of fluorescence, and plasmonics, and nanofabrication can fundamentally change and increase the capabilities of fluorescence technology. This change will be based on the use of surface plasmons which are collective oscillations of free electrons in metallic surfaces and particles. Surface plasmon resonance is now used to measure bioaffinity reactions. However, the uses of surface plasmons in biology are not limited to their optical absorption or extinction. We have shown that fluorophores in the excited state can create plasmons which radiate into the far field; additionally fluorophores in the ground state can interact with and be excited by surface plasmons. These interactions suggest that the novel optical absorption and scattering properties of metallic nanostructures can be used to control the decay rates, location and direction of fluorophore emission. We refer to this technology as plasmon-controlled fluorescence. We predict that plasmon-controlled fluorescence (PCF) will result in a new generation of probes and devices. PCF is likely to allow design of structures which enhance emission at specific wavelengths and the creation of new devices which control and transport the energy from excited fluorophores in the form of plasmons, and then convert the plasmons back to light.
INTRODUCTION
The applications of fluorescence have undergone extensive development since its introduction to biochemistry in the 1950s. Fluorescence is used for studies of biological macromolecules, cell imaging and many bioassays. Advanced methods such as multi-photon excitation and time-resolved microscopy are now routinely performed in many laboratories for cellular imaging. In our opinion fluorescence technology has reached a plateau in which the fundamental principles are mostly developed. However we are now poised for a paradigm shift which will change the ways we think about fluorescence and will expand its capabilities. Almost all uses of fluorescence depend on the spontaneous emission of photons occurring nearly isotropically in all directions (Figure 1 ). Information about the samples is obtained from changes in the non-radiative decay rates, such as collisions of fluorophores with quenchers and fluorescence resonance energy transfer (FRET). The rates of spontaneous emission are not significantly changed in such experiments. We recently described methods to modify the radiative decay rates of fluorophores [1] [2] . A review of the literature indicated that radiative decay rates could be modified by metallic particles such as silver colloids. By metal we mean conducting metallic surfaces and particles, not metal ions. The interactions of metals and fluorphores have been subject to prior theoretical reports [3] [4] [5] [6] . However the practical usefulness of these effects was not explicitly recognized. We have described the use of the interactions of fluorophores with novel metal particles as radiative decay engineering (RDE) because the radiative decay rates of the fluorophores are modified in close proximity to the metal [7] [8] . We observed several favorable effects due to metal particles, such as increased fluorescence intensities, increased photostability and increased distances for fluorescence resonance energy transfer (FRET). We refer to these favorable effects as metal-enhanced fluorescence (MEF).
We have also studied the interaction of fluorophores with planar metallic surfaces, similar to those used for surface plasmon resonance (SPR) -a continuous surface of silver or gold about 40 nm thick on a glass substrate. These thin metal films are optically dense. We found that excitation of fluorophores near these surfaces resulted in strong directional emission through the metal and into the substrate. The emission appeared as a cone with a half-angle consistent with the SPR angle for the emission wavelength, and there was little emission into the air away from the glass substrate [9] [10] . The emission spectra were found to precisely match the emission spectra of the fluorophore, so it was not clear if the fluorophore or the plasmon was responsible for the observed emission. Other groups made similar observations [11] [12] [13] some dating back to 1975 [14] , but in these papers it is often unclear if the emission is attributed to the fluorophore or scattered light. We refer to this unusual phenomenon as surface plasmon-coupled emission (SPCE) which is an appropriate name as the directional emission was subsequently shown to be due to plasmons created by the excited fluorophores, and not due to creation of plasmons by the incident light [15] .
The observations of MEF [16] and SPCE led to our vision for plasmon-controlled fluorescence (PCF). As shown in Figure 2 , the interaction of fluorophores with metals can affect both excitation and emission. Effects on excitation are possible because the electric fields from the incident light can be concentrated in small metallic colloids. Additionally, fluorophores near metal colloids can show increased rates of radiative decay than in the absence of metal particles. And finally, the emission can occur in defined directions by the use of metallic nanostructures. In our opinion, these effects will result in a new generation of devices in which the emission energy is controlled by metallic nanostructures. 
Mechanism of Plasmon-Controlled Fluorescence
The phenomenon of SPCE showed that excited state fluorophores could create surface plasmons, which radiate into the substrate. The complete p-polarization of the SPCE indicated that the plasmons were responsible for the radiation propagating in the substrate. The ability of excited state fluorophores to create plasmons suggests the plasmonic structures to manipulate fluorescence. We believe that the scattering component of metal particle extinction is responsible for enhanced fluorescence because these plasmons can radiate, which occurs very rapidly. MEF is expected to occur when the absorption and/or emission bands of the fluorophore overlap with the scattering wavelength of the metal structure. We refer to this concept as the radiating plasmon (RP) model. This model is supported by some preliminary experiments which showed larger fluorescence enhancements with particles or particle aggregates displaying longer wavelength extinction [17] [18] [19] [20] , which is usually due to scattering more than absorption. The RP model has not been conclusively proven, but the reasonableness of the model has resulted in its general acceptance.
The effective use of PCF requires an understanding of the interaction mechanisms. The RP model provides a rational link between fluorescence and surface plasmons. Surface plasmons have become of great interest for nano-optics, nanolithography, and for the next generation of computer chips which utilize sub-wavelength size structures [21] [22] [23] . Surface plasmons can be engineered to either radiate or remain trapped at the metal surface, which suggest their use for the next generation of fluorescence technology.
Opportunities for Plasmonics in Biological Fluorescence
We see considerable potential for new capabilities in fluorescence technology. It is not possible to predict all the future developments in plasmon-controlled fluorescence. However, it seems valuable to suggest some of the future possibilities. Based on our current understanding we believe the rational use of fluorophore-plasmon interactions can result in a number of possibilities:
1. Ultrabright probes which are many-fold brighter than currently available fluorophores, and which can be monitored indefinitely at the single particle level without photobleaching.
2.
The ability to measure distances between biomolecules in the presently inaccessible distance range from the 10 nm FRET limit up to 200 nm.
3.
Probes which provide localized multi-photon excitation with low intensity wide-field illumination.
4.
Metallic structures to selectively enhance excitation or emission at desired wavelengths.
5.
New diagnosis devices based on plasmon-controlled fluorescence. 6.
Wide-field sub-wavelength optical microscopy. One can already imagine schemes whereby 30 nm spatial resolution can be obtained using wide field methods. The availability of such microscopy would revolutionize cell biology and imaging.
In the following sections we will describe how these capabilities can be obtained based on information available in the plasmonics literature and the known ability of excited fluorophores to induce radiating plasmons.
Plasmonics and Fluorescence
Most applications of plasmonics to date have relied on the interaction of light with the metallic structures, followed by detection of the light at the same wavelength that is reflected or scattered from the structures [24 -32] . These uses of plasmonics, while powerful, lack the advantage of a Stokes' shift. We believe it will be possible to maintain some of the properties of plasmons (strong interactions with light) with the spectral characteristics of fluorescence (Stoke's shift, time-delayed emission, etc.). This will be possible because the near fields created by plasmon resonances can interact with fluorophores and serve as a source of local fields and amplified excitation. Additionally, excited fluorophores can undergo near field interactions with metals, creating plasmons which then radiate light into free space.
The concept of using plasmonic structures to control fluorescence is shown in Figure 3 . In such a device the fluorophores would be in close proximity to a silver surface and the silver surface will have a defined nanostructure. For example, the two regions on the left could contain nanohole arrays. The spacing of the nanoholes could be chosen for anomalous transmission of green (G) or red (R) wavelengths. The fluorophores with green or red emission will preferentially couple to plasmons in the respective structures. We expect the plasmons will then radiate light into the substrate for detection. Alternatively, the surface on the right can be patterned as a thin metal grating. In this case both 6 R Emissian the green and red fluorophores will couple to the surface, but the green and red emission will appear at different angles in the substrate. 
Ultra-bright Fluorescent Particles
Plasmonic structures can also be used to obtain increased fluorescence intensities or to obtain ultra-bright particles. This application of PCF will depend on the use of metallic particles with varying sizes and shapes. For instance, consider a fluorophore contained within a metallic nanoshell, as compared with a fluorophore in solution ( Figure 4 ). In the absence of a metal particle the fluorophore feels the incident light field (E) at the excitation wavelength (λ ex ) and emits with the usual radiative decay rate at the emission wavelength λ em . The extent of absorption is determined by the optical cross section of the fluorophore, which is usually a fraction of its physical cross section. Now consider a fluorophore within a silver shell and assume that light absorbed by the metal shell is transferred to the fluorophore. The effective cross section for absorption is now much larger than that of the fluorophore, and even larger than the colloid itself. This effect results in a higher effective incident field E m at the excitation wavelength and increased excitation of the fluorophore due to the amplified incident field. For the moment we are assuming the silver shell does not transform any of the energy into heat. As described in the introduction, fluorophores near metals can have higher radiative decay rates and higher quantum yields than in the absence of metals. Hence the emission intensity of the fluorophore in the metal shell can be increased further by the ability of the fluorophore to induce plasmons in the shell, which in turn radiate as light. These considerations suggest a fluorophore in a nanoshell or other suitable structures can have the useful Stokes' shift of fluorescence with the high optical cross section of a PRP. There are several factors which result in large fluorescence enhancements inside nanoshells. The shorter lifetime of the fluorophore results in less time for photochemistry while in the excited state, and thus more excitation-emission cycles prior to photobleaching. The metal shell may be impermeable to oxygen and other species that react with the fluorophore and thus protect the fluorophore from photochemical reactions. It is known that the electric fields within these shells is uniform [33] , suggesting that all the fluorophores may be equally enhanced irrespective of location within the nanoshell. These considerations suggest that fluorophores encapsulated in metal nanoshells can be bright and photostable particles for single molecule detection and imaging.
It is informative to compare a fluorophore in a nanoshell, which we will call a plasmonic probe, with semiconductor nanoparticles or Qdots. Since Qdots are already in use for cellular and whole-animal imaging [34] [35] [36] [37] [38] , one can expect the plasmonic fluorophores to be used in similar applications. Qdots are frequently targeted to internal or external regions of cells using specific antibodies or peptides. Similar surface chemistries can be used to attach proteins to the surfaces of metal particles. This surface labeling of metal particles may be even easier with silver and gold particles because of the intrinsic affinity of these metals for amino and sulfhydryl groups. The Qdots have been found very useful even though .? 0.2 500 600 700 800 Emission WaveLength (nm) their brightness is comparable to a single fluorophore or a few fluorophores. The Qdots contain materials such as CdS or CdSe, which can be toxic to cells under some conditions [39] . Impermeable surface coatings are often required to prevent leakage of the toxic materials. In contrast to Qdots, silver and gold are essentially non-toxic and if needed can also be coated with silica or biocompatible materials. The Qdots are claimed to be highly photostable. This is a result of the surface coating since uncoated semiconductor Qdots are sensitive to the local environment and undergo photobleaching. Similarly, the silver coating over the fluorophore is likely to result in increased photostability. We expect the plasmonic probes to be easily 100-fold brighter than a single fluorophore and thus as useful as Qdots.
An advantage of Qdots is their ability to be excited at any wavelength and their narrow emission spectra [40] [41] . These same advantages are expected for plasmonic probes. Gold and silver nanoshells are known to display broad absorption [42] [43] . We expect the excitation spectra of plasmonic probes to be comparable to broad absorption of the nanoshells. Quantum dots are known to display narrow emission spectra. Fluorophores within metal shells are also expected to display more narrow emission spectra without the long wavelength tails [44] [45] . In fact, the calculated emission spectrum for rhodamine 6G in a silver shell is about 2-fold more narrow than in solution ( Figure 5 ). Hence plasmonic probes are potentially brighter, more photostable and less toxic than Qdots.
Nanostructures for Enhanced Wavelength-Selective Detection
Let us now consider the case where it is desirable to detect or count single fluorophores not coupled to metals, in the presence of background emission. Suppose the emission spectrum of the desired fluorophore occurs at 600 nm and that the sample also displays autofluorescence from 400-800 nm. The fluorophore emission overlaps with the background and would be difficult to detect without some enhancement ( Figure 6 ). Now suppose a plasmonic structure flow cell can be created which has a strong resonance at 600 nm. As described below, one such structure is an array of metal nanowires. Such a structure will increase the emission intensity of the 600 nm emission, without increasing the intensity of the autofluorescence at other wavelengths. Such wavelength-selective enhancement over a narrow range of wavelengths requires a plasmonic structure which is strong but narrow resonance. Of course the autofluorescence at 600 nm would also be enhanced, but few natural substances have narrow emission spectra like modern fluorophores. In recent years several groups have calculated the optical properties of metallic nanorods and chains of particles [46] [47] [48] [49] [50] [51] . Some of the calculations predict very narrow plasmon resonances. Figure 7 shows the calculated spectra for a chain of spherical silver nanoparticles, 200 nm in diameter, with the center-to-center spacing shown on the figure. The peak wavelength and width of the resonance depends on both particle size (not shown) and the spacing between the particles. The resonances can be very narrow. For example, the resonance at 800 nm is below 4 nm in width. The resonances are very strong as seen by extinction up to 20-fold larger than the physical cross sections of the particles. As the resonances become sharper the peak intensity of the resonance increases [52] . Many organic fluorophores in current use have relatively narrow emission spectra and their emission is likely to be enhanced by such structures. Metallic structures of the type shown in Figures 6 and 7 may be used with QDots and lanthanides, both of which have emission spectra more narrow than typical fluorophores.
Various nanofabrication methods have been used to produce a variety of metal shapes bound to substrates [53] [54] [55] . Figure 8 shows an electron micrograph of nano-triangles on a glass substrate [56] . These triangles are formed by nanosphere lithographs (NSL) in which a regular array of polymeric beads is coated with a metal film. When the polymeric beads are removed the metal deposited between the beads remains on the substrate, typically with a triangular shape. Metallic shapes prepared by NSL have been shown to display a wide variety of extinction spectra. Depending on particle size and shape the resonances can be wide or narrow, can be dominated by a single resonance, or show multiple resonances at different wavelengths. Even a relatively simple fabrication method like NSL can be used to prepare particles which display resonances over a wide range of wavelengths ( Figure 9 ). Shaped particles on substrates could provide plasmonic structures which enhance emission over a small range of wavelengths. If the particle spacing is varied gradually or stepwise, different wavelengths may be enhanced at different locations in the device, thereby providing spectral information about the sample from the spatial distribution of the emission. So far we described wavelength-selective enhancements using particles fixed to a substrate. It may also be of interest to obtain wavelength-selective enhancements in solution. Such particles may be useful in multiplex assays. Assays of this type require an ability to create solid particles or shells with a narrow resonance at the desired wavelength. Fortunately, a variety of such particles have been made using batch chemistries suitable for preparation of reasonable quantities of particles [57] [58] . Figure 10 shows calculated scattering spectra of silver or gold nanoshells on a silica core [59] . The peak scattering wavelength, and presumably the peak wavelength for fluorescence enhancement, can be varied throughout the visible and NIR wavelengths. Changes in the peak scattering wavelengths are obtained by variation of the size and thickness of the core and shell, while keeping the overall diameter constant. We note that the configurations shown in the preceding figures are only meant to show that a variety of geometries are possible for wavelength-selective enhancements. It is likely that the eventual devices will have very different geometries. In suggesting structures for enhanced fluorescence, we make an assumption that the fluorescence enhancement was in some way proportional to the strength of the plasmon resonance and to the extent of spectral overlap between this resonance and the emission spectrum of the fluorophore. This assumption seems reasonable, and results show that structures for enhanced fluorescence can be designed using the assumption that a strong plasmon resonance is needed for maximum enhancements. However, this need not always be the case if the plasmon extinction is due to absorption rather than scattering.
Plasmon Engineering
The phenomenon of surface plasmon-coupled emission (SPCE) shows that excited state fluorophores can undergo a near-field non-radiative interaction with the metal to create propagating far-field radiation. This statement is supported by the observation of SPCE using silver, gold and aluminum, with wavelengths ranging from the UV for tryptophan through the visible and extending to NIR wavelengths [60] [61] [62] [63] [64] . These diverse results suggest that near-field coupling of excited state fluorophores with continuous metal surfaces is a general phenomenon that can be reliably predicted and utilized.
Surface plasmons are two-dimensional waves with optical frequencies which are trapped at an interface. This is an unusual phenomenon because light usually propagates freely in three dimensions. We are all aware of the remarkably complex electronic circuits which can be created because electrical currents can be manipulated on a flat surface. In contrast, optical devices such as waveguides and optical filter waveguides have the dimensions of light in three dimensions, and there are strict rules of reflection and refraction to change the direction of the propagation wave. The different ways we manipulate light and electrical current are ingrained in our thinking so that we rarely consider controlling light in the same way we control electrical currents.
Surface plasmons are, in a sense, light transformed into current. It is known that surface plasmons can migrate considerable distances in thin metal films with modest attenuation, and that plasmons can propagate in sub-wavelength size metallic structures [65] . This confinement property of plasmons is of interest for the design of components for optical computing. The ability to control the flow of optical energy in two-dimensions would have a profound impact on the design of devices for fluorescence sensing. Instead of using optical components to manipulate light, the fluorescence could be trapped in metallic nanostructures in the form of plasmons and moved to a different location on the surface. This capability would be useful in lab-on-a-chip or DNA array applications, where the chemistry is already on a surface, which can easily be a metal surface.
What is the evidence that plasmons can migrate usefully long distances without being dissipated by heat or by radiation into the substrate? How can the migrating plasmons be controlled? A relatively recent experiment has shown that plasmons with frequencies for wavelengths of 633 to 785 nm can migrate 50 to 150 µm with 1/e attenuation [66] . The detector was shielded from the incident light by the 50 nm aluminum film (Figure 11 ). It was found that the plasmons migrated further than expected if one accounted for attenuation due to radiation into the substrate. This radiation may have been prevented by the aluminum. The important point is that using available thin-film technology it should be possible to create structures which allow plasmons to propagate or to radiate, depending on the local metal structure.
The use of plasmonic circuits requires ways to create directional plasmons and to reflect, diffract or focus the energy. These manipulations of plasmons are now becoming possible [67] . Figure 12 shows how directional surface plasmons can be created by laser illumination of a silver wire on a silver film. The plasmons are seen to be strongly directional and to migrate distances greater than 10µm. The next step for plasmon circuits is the fabrication of optical elements on a metal surface to manipulate the plasmons. This can now be accomplished using dielectric or metallic features on a metal film [68] [69] [70] . Two examples are shown in Figure 13 . The plasmons are launched by irradiation of linear feature seen as a vertical line, similar to Figure 12 . The lower panels in Figure 13 show a plasmon mirror created by five rows of dots. This mirror has a reflectivity of 90%. The upper panels show a beamsplitter which divides the plasmons reflected from the mirror. Another example of plasmon engineering is the use of two-dimensional lenses to focus the plasmons. In one such example a plasmon lens was made from a semi-circle of nanoholes in a metal film [71] . The intensities of the plasmon fields were measured using NSOM ( Figure 14) . The plasmons were found to form a focal point, which was explained by interference at the plasmon wavelength. The focal point could be formed or eliminated by rotation of the incident polarization. The results in Figures 11-14 show that optical frequency energy can be transported and manipulated in a two-dimensional surface.
So far we have shown that it is possible to couple the energy of excited fluorophores into plasmons (via SPCE), transport the plasmons across a surface, and to manipulate the direction of the plasmons (Figures 11-14) . In order to detect the energy it may be necessary to convert the plasmons back into propagating light. This conversion can be accomplished with simple 2D structures [68] . Figure 15 (top) shows a SEM image of two nanohole arrays in a smooth gold film separated by 30 µm. The smaller array on the right, which is difficult to see in the figure, is illuminated at 815 nm, The strong plasmon resonance in metal particles provides good opportunity for localized plasmon enhanced fluorescence applications near the particle. It is known that the incident fields can be dramatically amplified near non-spherical particles [72] [73] . Calculations for a silver ellipsoid show an enhanced field near the tips ( Figure 16 . The peak enhancement for the ellipsoid is a factor of 4700, which is above the range of the color scale in this figure. For a triangle the enhanced fields are also located near the tips, with a peak enhancement of 3500-fold. Even more dramatic field enhancements are expected near clusters of particles [73] . For example, the field between two closely spaced silver particles can be enhanced by a factor of 10 4 ( Figure 17 ). An appropriately designed metal structure can act like an antenna and show resonance enhancements of the fields between the particles [74] , which suggest another approach for implementing localized plasmon enhanced fluorescence applications.
Sub-Wavelength Microscopy
Optical microscopy is an important tool for cellular imaging. Optical imaging is accomplished using a wide variety of methods including wide field imaging, multi-photon excitation and/or laser scanning confocal microscopy. Based on the Rayleigh criteria the spatial resolution is limited to about λ/2. This resolution can be increased using complex methods such as 4Pi, stimulated emission depletion or near-field scanning microscopy [75] , but the complexity and limitations of these methods have prevented their widespread use for cellular imaging. The use of plasmonics offers the opportunity for sub-wavelength resolution microscopy, with a spatial resolution as small as 25 nm. It is known that the transmission efficiency of light decreases dramatically as the size of the aperture becomes smaller than the wavelength. Unexpectedly high transmission efficiencies were observed for apparently opaque silver films which contained arrays of holes with sizes ranging from about 50 to 150 nm. This observation resulted in additional studies with metal films containing various types of periodic structures [76] [77] [78] [79] . The possibility of sub-wavelength resolution is of great interest for nanotechnology. It is now known that the near-fields from surface plasmons can have dimensions much smaller than free-space radiation at the same frequency [80] [81] [82] [83] [84] . The concepts of plasmon-coupled transmission and optical nearfields are merging into proposals for wide-field optical microscopy with sub-wavelength resolution [85] [86] [87] . Such a microscope could be based on excitation of the specimen by the near-field near the nanohole array. It is now thought that the near-fields are tightly confined, or at least not diffracted into half-space, as will occur without plasmon-coupled transport ( Figure 18 ). In order to construct a microscope, it would be necessary to measure the intensities from fluorophores excited by the near-fields with sub-wavelength dimensions. The emission from these regions could be imaged if the nanoholes were about 1 micron apart (Figure 19 ). The fluorescence excited near each nanohole could be imaged onto an array detector. The specimen or nanohole array would be moved and the multiple images used to reconstruct the entire image.
Construction of such a microscope faces several technological challenges, such as positioning and moving the specimen and array relative to each other, and obtaining near fields with sub-wavelength dimensions at reasonable distances from the metal. The extensive interest in nanolithography is already resulting in methods to control and focus the near fields. While there are certain to be many technical challenges, we are not aware of any physical limits that would prevent creation of a sub-wavelength plasmonic microscope. 
CONCLUSION
The combination of fluorescence with plasmonics will result in a paradigm shift for both technologies. Fluorescence instrumentation, devices and sensors will begin to use plasmons for creation of excited states and manipulation of the emission energy. The field of plasmonics will expand to include studies of the factors which govern fluorophore-metal interactions and how to optimize the desired effects. These new approaches to fluorescence and plasmonics will be facilitated by the rapid growth of nanofabrication methods, resulting in new approaches to high throughput biology, diagnostics and molecular imaging.
